Ammonium is a major inorganic nitrogen source for plants. At low external supplies, ammonium promotes plant growth, while at high external supplies it causes toxicity. Ammonium triggers rapid changes in cytosolic pH, in gene expression, and in post-translational modifications of proteins, leading to apoplastic acidification, co-ordinated ammonium uptake, enhanced ammonium assimilation, altered oxidative and phytohormonal status, and reshaped root system architecture. Some of these responses are dependent on AMT-type ammonium transporters and are not linked to a nutritional effect, indicating that ammonium is perceived as a signaling molecule by plant cells. This review summarizes current knowledge of ammonium-triggered physiological and morphological responses and highlights existing and putative mechanisms mediating ammonium signaling and sensing events in plants. We put forward the hypothesis that sensing of ammonium takes place at multiple steps along its transport, storage, and assimilation pathways.
Introduction
As the quantitatively most important mineral element for plants, nitrogen is taken up by roots in inorganic (nitrate and ammonium) and organic (e.g. urea, amino acids, peptides) forms. In most natural and agricultural ecosystems, ammonium is a major inorganic nitrogen source for plants. Even though absolute concentrations in the soil solution may be more than three orders of magnitude lower than those of nitrate (Miller et al., 2007) , desorption of ammonium from the soil matrix can rapidly replete the soluble pool in the soil solution, especially when the cation exchange capacity is high (Marschner and Rengel, 2012) . In the micromolar concentration range, roots of most species prefer uptake of ammonium over nitrate (Gazzarrini et al., 1999) , while at millimolar concentrations, ammonium often causes toxicity (Britto and Kronzucker, 2002) . Ammonium toxicity causes inhibition of root and shoot growth that is associated with leaf chlorosis and has been related to ionic imbalances, disturbance of pH gradients across plant membranes, or oxidative stress, as described in several comprehensive reviews (Gerendás et al., 1997; Britto and Kronzucker, 2002; Li et al., 2014; Bittsánszky et al., 2015; Esteban et al., 2016) . However, soil conditions must be particular to cause ammonium toxicity, e.g. when plenty of ammonium is released from applied N fertilizers or from rapid ammonification of organic matter in waterlogged and acidic soils, where nitrification is inhibited (Hawkesford et al., 2012) . If such soil-related processes act locally, only a part of the root system is exposed to elevated ammonium, forcing plants to induce simultaneously ammonium uptake and ammonium detoxification mechanisms in different parts of the root system. Induction of local responses only in certain parts of the root system will then rely on the coordination of internal and external ammonium-dependent signals . Ammonium in plant tissues is not only taken up from the environment, but it is also generated in numerous endogenous metabolic processes, including nitrate reduction, photorespiration, amino acid catabolism, and phenylpropanoid metabolism (Hawkesford et al., 2012; Bittsánszky et al., 2015) . In the past decade, several studies have revealed that ammonium triggers multiple physiological and morphological responses, such as specific changes in gene expression, metabolism, redox status, or root-system architecture (Patterson et al., 2010; Li et al., 2010; Lima et al., 2010; Fernández-Crespo et al., 2015) . As many of these responses are independent of ammonium assimilation, ammonium itself may act as a signaling molecule. Shoot responses to ammonium stress have been reviewed recently (Li et al., 2014; Bittsánszky et al., 2015; Esteban et al., 2016) , and hence the present review summarizes ammonium-trigged physiological and morphological responses and further highlights existing and putative mechanisms that govern ammonium signaling responses and sensing events in plant roots.
Ammonium-trigged physiological responses in plants
An immediate physiological response of root cells to ammonium exposure is a transient depolarization of the plasma membrane, which is caused by ammonium influx and compensated for by activation of H + -ATPase activity (Wang et al., 1994) . In parallel, alkalinization of the cytosol begins (Kosegarten et al., 1997; Gerendás and Ratcliffe, 2000) , indicating that short-term ammonium effects are inevitably coupled with intracellular pH changes. Immediate molecular responses to ammonium within minutes have also been recorded at the level of post-translational protein modifications. Ammonium triggers early phosphorylation events of AMT-type ammonium transporters and aquaporins, of membrane-bound receptor-like kinases and a few transcription factors, while later phosphorylation events preferentially affect cytosolic signaling proteins and enzymes involved in amino acid synthesis and secondary metabolism, as well as enzymes involved in protein synthesis and degradation (Engelsberger and Schulze, 2012) . Time-dependent transcriptome analysis has revealed highly dynamic changes in response to ammonium. In the short term, ammonium significantly up-regulates genes involved in transcriptional regulation, plant defense and immunity, or in responses to jasmonic acid, whereas in the long run (>8 h) ammonium affects genes involved in metabolic processes, in the production and scavenging of reactive oxygen species (ROS), and in external stress responses (Patterson et al., 2010) . In part, this external stress response is most likely due to the ammoniumdependent acidification of the root apoplast, because 20-41% of the ammonium-responsive genes are also up-regulated by low external pH. However, intracellular ammonium accumulation, as provoked by addition of the glutamine synthetase inhibitor methionine sulfoximine (MSX), has allowed the separation of a subset of the ammonium-induced genes that are not responsive to extracellular pH. It has been concluded that the ammonium-specific transcriptional response either involves extracellular pH or ammonium assimilation products as intermediates (Patterson et al., 2010) , leaving it open as to whether ammonium also functions as a signal per se.
Ammonium assimilation is a crucial aspect of ammoniumtrigged physiological responses in plants (Cruz et al., 2006; Xu et al., 2012; Bittsánszky et al., 2015) . It has been proposed that a plant's tolerance to ammonium is related to its capacity for ammonium assimilation (Cruz et al., 2006) . Once it has entered plant cells, ammonium is rapidly assimilated into glutamine and glutamate via the glutamine synthetase-glutamate synthase (GS-GOGAT) cycle. Glutamine synthetase catalyses the ATP-dependent synthesis of glutamine from ammonium and glutamate. The chloroplastic isoform GS2 assimilates ammonium generated by nitrate reduction and photorespiration in leaves, whereas cytosolic GS1 is the major form in roots and incorporates ammonium taken up from soil (Lam et al., 1996; Ishiyama et al., 2004) . Out of five GS1 genes in Arabidopsis (GLN1;1-GLN1;5), GLN1;2 is the major isoenzyme contributing to GS1 activity in roots (Lothier et al., 2011; Guan et al., 2016) . In roots, GLN1;2 is strongly up-regulated by external ammonium supply (Ishiyama et al., 2004; Guan et al., 2016) . Moreover, the gln1;2 mutant shows low GS activity, high ammonium accumulation, and impaired plant growth under ammonium supply, suggesting that GLN1;2 is not only essential for ammonium assimilation but also for its detoxification in roots (Lothier et al., 2011; Guan et al., 2016;  Fig. 1 ). Higher plants also have two types of glutamate synthase (GOGAT) that catalyse the transfer of an amino group from glutamine to 2-oxoglutarate, forming two molecules of glutamate: chloroplastic ferredoxin-dependent GOGAT assimilates ammonium released by photorespiration in leaves, while cytosolic NADH-dependent GOGAT is responsible for ammonium assimilation in non-photorespiratory organs including roots (Lam et al., 1996; Konishi et al., 2014) . In Arabidopsis, NADH-GOGAT functions as the major isoform in roots and its expression is strongly induced by exogenous ammonium supply. The nadh-gogat mutant shows weaker glutamate formation and biomass accumulation under ammonium supply (Konishi et al., 2014) . Besides the GS-GOGAT cycle, an alternative pathway of ammonium assimilation is operated by NADH-dependent glutamate dehydrogenase (GDH), which synthesizes glutamate in the cytosol by using ammonium and 2-oxoglutarate, a reaction that is up-regulated by ammonium supply (Tercé-Laforgue et al., 2004; Cruz et al., 2006; Sarasketa et al., 2014) . However, at low nitrogen availability, mitochondrial GDH can also de-aminate glutamate to 2-oxoglutarate and release ammonium (Fig. 1) . Transcriptome analyses have indicated that GDH2, which encodes the α-subunit of GDH, serves as an ammonium-responsive marker in Arabidopsis roots (Patterson et al., 2010; Ristova et al., 2016) . In a subsequent step of cellular ammonium detoxification, excess amino acids are exported. In fact, amino acid export is facilitated by a group of 'Usually Multiple Amino acids Move In and out Transporters' (UMAMITs), which are involved in phloem loading or secretion of amino acids into the external environment (Besnard et al., 2016) . In particular, UMAMIT14, UMAMIT33, and UMAMIT19 are highly up-regulated after ammonium supply, and expression of UMAMIT14 is induced by elevated amino acid concentrations in ammonium-treated roots, which may reflect a consequence of ammonium assimilation (Patterson et al., 2010; Besnard et al., 2016) . So far, the regulatory mechanisms and components linking ammonium uptake with ammonium assimilation and/or detoxification in roots still await to be discovered.
Interestingly, the up-regulation of some ammoniuminducible genes, including GDH2 and UMAMIT14, is blocked after adding the GS inhibitor MSX to the culture medium (Patterson et al., 2010; Besnard et al., 2016) , suggesting that a part of the ammonium-triggered physiological response depends on assimilatory products such as glutamine or glutamate. Their signaling role in the ammonium response is supported by the discovery of an organic-nitrogen signal In tomato leaves, mild ammonium supply increases resistance against pathogen infection by enhancing a H 2 O 2 burst, which further activates ABA-and putrescine-mediated defense reactions. Excess ammonium causes leaf chlorosis via chloroplast degradation, while the AMOS1/EGY1-dependent response recruits the ABA signaling pathway to retain chloroplast functions. In roots, ammonium enhances drought-induced ABA accumulation, which in turn increases aquaporin-mediated water uptake and improves drought tolerance. Ammonium stimulates ammonium assimilation by the up-regulation of several key enzymes in ammonium metabolism. Ammonium also shapes root system architecture (RSA) by inhibiting root elongation, stimulating lateral root branching, or swelling root hairs. In terms of root elongation, both cell division and cell expansion are repressed by ammonium, which is determined by two independent factors: protein N-glycosylation and reactive oxygen species (ROS). Ammonium down-regulates GDP-mannose levels in roots by repressing GDPase (VTC1) activity while stimulating GDP-mannose hydrolase (NUDX9) activity. This results in a decreased capacity for protein N-glycosylation and in impaired root elongation. Elevated ROS formation upon ammonium supply also exhibits an inhibitory effect on root elongation, which is counteracted by an OsSE1-mediated ROS detoxification process, as demonstrated in rice. Defective root gravitropism is another morphological trait sensitive to ammonium. It is subject to the antagonistic action between PIN2 and ARG1 in maintaining asymmetric auxin flows. In addition, local ammonium supply remarkably stimulates high-order lateral root branching in an ammonium transporter AMT1;3-dependent manner. Ammonium supply is accompanied by pH imbalance, which further disturbs cytosolic Ca 2+ and ROS gradients leading to swelling of root hairs. The tonoplast-localized kinase CAP1 activates ammonium compartmentation into the vacuole to alleviated root hair development under high ammonium supplies. Unless indicated otherwise, all described processes were studied in Arabidopsis. References are given in the text.
network (Gutiérrez et al., 2008) and of P II protein-mediated glutamine sensing (Ferrario-Méry et al., 2006; Chellamuthu et al., 2014) . A gene network responsive to organic nitrogen has been identified by transcriptome analysis and gene network prediction, and found to be regulated by the key clock-control gene CCA1. In this case, the nitrogen status, as represented by organic nitrogen compounds, serves as an input signal affecting the circadian clock and its key regulator CCA1 that in turn modulates nitrogen metabolism (Gutiérrez et al., 2008) . Glutamine plays a central role in reflecting the nitrogen status (Xu et al., 2012) , and recently the P II proteinmediated glutamine sensing mechanism in plants has been identified: N-acetyl glutamate kinase (NAGK) is the key regulator to control nitrogen metabolism via arginine synthesis. NAGK activity is feedback-inhibited by its downstream metabolic product arginine. Binding of glutamine to the C-terminal domain in P II leads to a conformational change of the P II protein, enabling the interaction of P II with NAGK and activation of NAGK. This antagonizes the inhibitory effect of arginine on NAGK and promotes arginine synthesis (Chellamuthu et al., 2014) . Therefore, the P II protein has been proposed as a glutamine sensor, co-ordinating nitrogen assimilation with the cellular energy and nitrogen status in plant chloroplasts. Remarkably, the C-terminal domain mediating glutamine sensing by P II is widely present in the plant kingdom, except for Brassicaceae, implying the existence of an alternative glutamine sensing mechanism in species of this family (Chellamuthu et al., 2014) .
Among the early ammonium-triggered physiological responses, ROS may play a role as secondary signals amplifying and/or specifying the ammonium response. In general, ROS prime a multitude of signaling events in response to external stimuli (Mittler et al., 2011) . In roots, ammonium supply increases the tissue levels of H 2 O 2 , as shown in tomato (Fernández-Crespo et al., 2015) , Arabidopsis (Patterson et al., 2010) , and rice (Xie et al., 2015) . Moreover, ammonium also activates ROS-scavenging enzymes such as catalase, glutathione reductase, and guaiacol peroxidase (Patterson et al., 2010; Xie et al., 2015) , while the induction of superoxide dismutase indicates that superoxide radicals may also be formed. As a downstream effect, mild ammonium supply also increases resistance to pathogen infection by enhancing the H 2 O 2 burst, which further activates ABA-and putrescine-mediated defense reactions (Fernández-Crespo et al., 2015; Fig. 1) .
Several studies have reported on a possible interaction between ammonium and ABA. In Ricinus, ABA transport towards the shoot in the xylem is three times higher in ammonium-supplied than in nitrate-supplied seedlings (Peuke et al., 1998) . In rice, ammonium supply further enhances droughtinduced ABA accumulation, which in turn increases aquaporin-facilitated water uptake and consequently improves drought tolerance (Ding et al., 2016) . In Arabidopsis, the plastid metalloprotease AMOS1/EGY1 has been identified as an important link integrating ABA into the ammonium signaling response . Transcriptome analysis showed that among the genes activated in response to ammonium, 90% were regulated by AMOS1/EGY1. Moreover, a majority of AMOS1/EGY1-dependent and ammonium-activated genes carry a core motif of ABA-responsive elements in their promoter. Thus, ammonium is supposed to trigger a chloroplast retrograde signal leading to leaf chlorosis, whereas the AMOS1/EGY1-dependent response recruits the ABA signaling pathway to prevent leaves from chloroplast damage Fig. 1) .
Although ammonium elicits multiple physiological responses in plants and regulates expression of a large number of genes, neither key regulatory components in ammonium signaling nor key elements in the promoter regions of ammonium-responsive genes have been identified. To date, only a few transcription factors involved in ammonium responses have been identified. Based on the direct binding to the promoter region of the ammonium transporter AMT1;2 and the intron of the glutamate dehydrogenase GDH2, Indeterminate Domain 10 (IDD10) in rice has been identified as a transcriptional activator of many genes involved in ammonium uptake and metabolism . Since the expression of IDD10 is down-regulated by ammonium and the N assimilation product glutamine, IDD10 has been supposed to mediate the feedback regulation of ammonium assimilation by reduced nitrogen . The membrane-bound basic helix-loop-helix transcription factor GmbHLHm1 from soybean, which localizes to the symbiosome membrane in root nodules and was first designated as an ammonium transporter, has been verified as transcription factor (Chiasson et al., 2014) . Heterologous expression of GmbHLHm1 in yeast activated the expression of the thus far unknown ammonium transporter ScAMF1 by binding to its promoter region. In soybean, GmbHLHm1 plays an essential role in nodule development, but it remains to be verified whether GmbHLHm1 or its Arabidopsis orthologs are also able to regulate the expression of ammonium transporters or other ammonium-responsive genes in planta (Chiasson et al., 2014) .
Ammonium-trigged changes in root-system architecture A properly developed root system is of crucial importance for the ability of plants to acquire water and mineral elements efficiently and to ensure survival or competitiveness in challenging environments (López-Bucio et al., 2003; . The absolute amount and the spatial distribution of mineral elements in the soil have a profound impact on root system architecture, which is subject to systemic and local regulation by the plant's nutritional status and by local nutrient availabilities. Hence, changes in nutrient-responsive root morphological traits have been proposed as indicators for nutrient sensing (Gruber et al., 2013; O'Brien et al., 2016) . This also applies to ammonium, which modifies root system architecture (RSA) by inhibiting root elongation, stimulating lateral root branching, or swelling root hairs.
Elevated ammonium supplies inhibit root elongation
Inhibition of primary and lateral root elongation is a commonly observed symptom of ammonium toxicity, especially when ammonium is the sole nitrogen source (Britto and Kronzucker, 2002; Li et al., 2010; Liu et al., 2013; Araya et al., 2016) . Root elongation is determined by two linked cell biological processes, namely cell division and cell expansion (Beemster and Baskin, 1998) . Ammonium inhibits primary root growth primarily by repression of cell proliferation in the root apical meristem and by a reduction of longitudinal cell size, while the structure and activity of the stem-cell niche remain unaffected (Liu et al., 2013) . Several hypotheses have been put forward to explain the mechanisms underlying inhibition of root elongation by ammonium: extra-and intra-cellular pH changes (Britto and Kronzucker, 2002) , elevated ROS formation (Patterson et al., 2010; Xie et al., 2015) , enhanced ammonium efflux in the root elongation zone that reinforces inhibition of longitudinal cell expansion (Li et al., 2010) , or a decrease in protein glycosylation (Qin et al., 2008; Barth et al., 2010; Tanaka et al., 2015) . Among all these proposed processes and mechanisms, the latter is the most detailed described so far at the molecular level. In planta, GDPmannose pyrophosphorylases (GMPases) of the VTC protein family catalyse the reversible synthesis of GDP-mannose, which is an important intermediate required for ascorbic acid (AsA) biosynthesis as well as for N-glycosylation of proteins (Bonin et al., 1997; Conklin et al., 1999) . Arabidopsis vtc mutants, such as hsn1 and vtc1, are hypersensitive to ammonium, resulting in remarkably impaired primary root growth (Qin et al., 2008) . Analyses of mutants that act further downstream in AsA synthesis showed that a decrease of AsA content was not the cause for primary root inhibition of vtc mutants in response to ammonium but rather the defect in GDP-mannose-dependent protein N-glycosylation (Qin et al., 2008; Barth et al., 2010) . In support of this view, the GDP-mannose pyrophosphohydrolase NUDX9, which catalyses the hydrolysis of GDP-mannose in roots, was investigated and a corresponding nudx9 knock-out mutant in Arabidopsis showed significantly higher GDP-mannose levels and an increased potential for protein N-glycosylation that coincided with improved root growth under excess ammonium (Tanaka et al., 2015;  Fig. 1 ). However, ammonium induced expression and activity of NUDX9 and further reduced GDP-mannose levels in roots, which subsequently repressed protein N-glycosylation in ammonium-treated roots and inhibited root elongation (Tanaka et al., 2015) . Therefore, a fine-tuned balance between GDP-mannose biosynthesis and hydrolysis has been proposed to determine GDP-mannosedependent protein N-glycosylation and ammonium sensitivity in plant roots. The way in which ammonium represses GMPase (VTC) activity and GDP-mannose levels in roots has been related indirectly to cell wall, membrane, and cellcycle defects caused by apoplastic and cytosolic pH changes in response to ammonium uptake (Kosegarten et al., 1997; Kempinski et al., 2011) . Acting further downstream of VTC1 in the GDP-mannose pathway is the dolichol phosphate mannose synthase DPMS1, which catalyses the biosynthesis of dolichol phosphate mannose (Dol-P-Man) required for N-glycosylation and/or glycosylphosphatidylinositol (GPI)-anchoring of proteins. Like vtc1, the corresponding dpms1 mutant also showed hypersensitivity to ammonium, supporting a crucial role of N-glycosylation and/or GPIanchoring of proteins in sustaining proper root growth under ammonium supply (Jadid et al., 2011; Fig. 1) . Despite this considerable progress in elucidating molecular determinants in ammonium sensitivity, some questions remain to be addressed. Which are the target proteins for GDP-mannose dependent N-glycosylation and what is their relation to cell elongation? Moreover, how does N-glycosylation interfere with other determinants in root development, such as hormone signals?
ROS act as signaling molecules and have a strong impact on primary root length by governing the balance between cell proliferation and cell differentiation in the root meristem (Tsukagoshi, 2016) . Superoxide radicals accumulating in the meristematic zone maintain cell division, while H 2 O 2 enrichment in the elongation zone stimulate cell differentiation. By contrast, an increase of the H 2 O 2 level in the root meristem decreases meristem size and root elongation (Tsukagoshi et al., 2010) . In several plant species, ammonium treatment has been reported to augment ROS, especially H 2 O 2 levels in roots (Patterson et al., 2010; Bloch et al., 2011; Xie et al., 2015) . This may point to a role of the ROS status in ammoniumdependent root growth inhibition. Recently, this hypothesis has been reinforced by the functional analysis of the hemeheme oxygenase OsSE5 in rice. OsSE5 most likely represents a novel regulatory component of an antioxidant system that includes the ROS-detoxifying proteins ascorbate peroxidase and catalase, and superoxide dismutase. Up-regulation of OsSE5 by a heme oxygenase inducer or overexpression of OsSE5 in Arabidopsis enhances ammonium tolerance in plants. Thus, ammonium-trigged up-regulation of OsSE5 and of antioxidant defense alleviates root elongation from ammonium inhibition (Xie et al., 2015) . In this context, it is important to note that ROS levels were not found to be different between wild-type plants and vtc1 mutants, supporting the view that GDP-mannose-dependent protein N-glycosylation and ROS signaling are two independent regulatory mechanisms governing primary root elongation in the presence of ammonium (Barth et al., 2010;  Fig. 1 ).
Protein members of the ammonium transporter/methylamine permease/Rhesus (AMT/MEP/Rh) family mediate high-affinity ammonium transport (von Wirén and Merrick, 2004) . In Lotus japonicus, high external ammonium concentrations lead to a remarkable inhibition of both primary and lateral root elongation (Rogato et al., 2010a) . The inhibitory effect of ammonium is independent of a negative assimilatory feedback regulation, since root growth inhibition is not caused by nitrogen forms downstream of ammonium assimilation. Remarkably, root inhibition is phenocopied by overexpression of the ammonium transporter LjAMT1;3, even if ammonium is absent from the growth medium. Considering that overexpression of other AMTs in Lotus japonicus does not provoke root inhibition, a transceptor function of LjAMT1;3 has been proposed that links ammonium transport with ammonium-induced inhibition of root elongation (Rogato et al., 2010a (Rogato et al., , 2010b .
Root gravitropism reflects the intensity of unequal cell expansion in response to gravistimulation and is triggered by the asymmetric distribution of auxin in the root apex (Band et al., 2012) . Consistent with the inhibitory effect of ammonium on primary root elongation, ammonium also inhibits root gravitropism (Zou et al., 2012; Liu et al., 2013) . This phenomenon is associated with a significant decrease of the expression of the auxin exporter PIN2 and a subsequent delay in asymmetric auxin distribution in the root elongation zone, suggesting that the PIN2-dependent asymmetric auxin flow is a key target for ammonium-induced agravitropism (Liu et al., 2013; Zou et al., 2013) . Apart from PIN2, Altered Response to Gravity 1 (ARG1) restores root gravitropism under ammonium supply by sustaining PIN3-mediated lateral auxin distribution and AUX1-facilitated shootward auxin reflux in the root apex (Zou et al., 2013) . Consequently, defective root gravitropism under ammonium supply is subject to the antagonistic action between PIN2-and ARG1-dependent auxin flows (Zou et al., 2013) . It is important to note that primary root elongation of pin2 and aux1 loss-of-function mutants shows a similar extent of ammonium sensitivity as wild-type plants, indicating that ammonium inhibits primary root elongation and root gravitropism via distinct signaling pathways (Zou et al., 2012; Liu et al., 2013;  Fig. 1 ).
Local ammonium supplies promote lateral root branching
In comparison to the primary root, the development of lateral roots shows a higher plasticity in response to fluctuating nutrient availabilities or changing nutritional cues (Gruber et al., 2013; . While the presence of ammonium as a sole N source inhibits the elongation of primary and lateral roots, localized ammonium supply to N-deficient plants strongly stimulates lateral root branching (Drew, 1975; Li et al., 2010; Lima et al., 2010; Araya et al., 2016) . Ammonium-dependent lateral root branching is almost absent in the Arabidopsis quadruple AMT knock-out line qko (amt1;1 amt1;2 amt1;3 amt2;1). A comparison of two lines with reconstituted expression of either AMT1;1 or AMT1;3 in qko showed that only AMT1;3 restored ammonium-induced lateral root branching, although both transporters were expressed in cortical and epidermal root cells and contributed equally to the uptake of external 15 N-labelled ammonium (Loqué et al., 2006; Yuan et al., 2007; Lima et al., 2010) . These results indicate that ammonium-induced lateral root branching is not due to a nutritional effect but rather it reflects a signaling event, in which AMT1;3 is required for ammonium-triggered lateral root branching (Lima et al., 2010) . Whether AMT1;3 also acts here as a transceptor or just as a conditionally regulated transporter upstream of cytosolic ammonium perception remains to be shown. More recently, a combined approach of root morphological analysis and mathematical modeling has suggested that ammonium accelerates lateral root emergence (Araya et al., 2016) . In other words, the velocity rather than the probability of lateral root emergence appears to be the principal factor increasing lateral root branching in ammonium-supplied plants. An involvement of auxin, which controls lateral root formation at most, if not all developmental stages (Lavenus et al., 2013) , has also been suggested, as repression of PIN2 alters auxin distribution in root apices exposed to ammonium (Liu et al., 2013; Zou et al., 2013) . However, the molecular mechanism underlying the stimulatory effect of ammonium on lateral root branching still remains to be revealed.
Regarding the question as to whether ammonium regulates root elongation and root branching through the same or distinct mechanisms, the following observation can be taken into consideration: micromolar nitrate supply alleviates the inhibitory effect of ammonium on primary root growth (Zheng et al., 2015) , whereas the presence of nitrate does not alter the stimulation of lateral root branching by ammonium (Lima et al., 2010) . Remarkably, ammonium and nitrate promote lateral root proliferation into nitrogen-rich patches in a complementary manner. Localized ammonium increases lateral root branching while nitrate induces lateral root elongation (Remans et al., 2006; Lima et al., 2010) . Thus, the combinatorial effect of nitrate on ammonium-regulated root system architecture provides a hint that ammonium regulates primary root elongation and lateral root branching by distinct pathways (Fig. 1) .
Evidence for the involvement of AMT-type proteins in ammonium-dependent morphological changes has also been reported for mycorrhized Medicago roots (BreuillinSessoms et al., 2015) . Medicago mutants defective in the phosphate transporter PT4 show premature arbuscule degeneration (PAD). However, PAD in pt4 mutants is suppressed under nitrogen deficiency. Two AMT proteins, AMT2;3 and AMT2;4, are found to reside in the periarbuscular membrane and to be transcriptionally up-regulated in response to mycorrhizal infection. Interestingly, only expression AMT2;3 is able to suppress PAD, although this protein cannot complement ammonium transport in yeast. In contrast, coexpressed AMT2;4 transports ammonium in yeast but is not able to suppress PAD. Hence, it has been concluded that AMT2;4 may well deliver ammonium to the root cell, while AMT2;3 supports the maintenance of arbuscules through an ammonium signaling effect (Breuillin-Sessoms et al., 2015) .
Ammonium affects root hair development
Root hair development greatly expands the root surface area and is of crucial importance for an efficient acquisition of water and minerals (Gilroy and Jones, 2000) . Since root hairs exhibit a variable plasticity in response to fluctuating nutrient availabilities (López-Bucio et al., 2003; , root hair growth also serves as a morphological indicator to monitor nutrient-sensing events (Salazar-Henao et al., 2016) . Compared to nitrate, ammonium has only a minor effect on root hair length or density in Arabidopsis, although remarkable differences were found among three accession lines in their root-hair response to ammonium (Vatter et al., 2015) .
A regulatory network generated by a tip-focused gradient of cytoplasmic calcium (Ca 2+ ), ROS, and pH oscillations controls root hair development in a polarized-tip growth process (Monshausen et al., 2007 (Monshausen et al., , 2008 . Rho-related GTPase of Plants (ROP) affects root hair development via NADPH oxidase-mediated ROS formation (Yalovsky et al., 2008) .
Overexpression of a constitutively active ROP11 (Atrop11 CA ) in Arabidopsis leads to the formation of swollen root hairs (Bloch et al., 2005) . Surprisingly, depletion of ammonium from the growth medium largely rescues root hair development in the transgenic Atrop11 CA line, suggesting that ammonium is required for Atrop11 CA -induced root hair swelling (Bloch et al., 2011) . Ammonium transport across the plasma membrane is accompanied by apoplastic acidification and cytoplasmic alkalization (Murányi et al., 1994; Kosegarten et al., 1997) . Exposure to excess ammonium significantly disturbs pH oscillations, downstream ROS gradients, and cytoskeleton organization in root hairs of Atrop11 CA plants, resulting in swollen root hairs (Bloch et al., 2011) . More recently, a similar phenotype has been reported in the knockout mutant of the Ca 2+ -associated protein kinase CAP1. CAP1 encodes a tonoplast-localized receptor-like kinase essential for the establishment of Ca 2+ gradients in root hair cells. The cap1-1 mutant shows impaired root hair growth, while depletion of ammonium restores root hair development (Bai et al., 2014a) . Further investigations have revealed that elevated cytoplasmic ammonium in cap1-1 causes root hair swelling by disturbing polar Ca 2+ and cytosolic pH gradients in root hair cells, indicating that the cytoplasmic ammonium level is an important factor for establishing and maintaining tip-focused Ca 2+ and cytosolic pH gradients as a prerequisite for proper root hair development (Bai et al., 2014a;  Fig. 1 ).
Ammonium-sensing mechanisms
A rapid and sensitive perception of nutrient availabilities in the environment is critical for efficient nutrient foraging by plant roots . Nutrient transporters localized at the plasma membrane are in an ideal position for external nutrient sensing, as exemplified by the nitrate transceptor NRT1.1/NPF6.3 in Arabidopsis or by Mep2 in yeast (Ho and Tsay, 2010; Chantranupong et al., 2015) . Several studies have shown how substrate import via plasma membrane-localized proteins is regulated by systemic nutrient demand and external substrate concentration. By contrast, regulation of plasma membrane transporters by intracellular storage pools, especially by nutrients stored in the vacuole, have just recently begun to be characterized.
Mep2-mediated ammonium sensing in yeast
In yeast, ammonium transport is tightly linked with a regulatory function in development. Three Mep-type transporters, designated as Mep1, Mep2, and Mep3, mediate ammonium transport across the plasma membrane. Among them, only Mep2, which has the highest substrate affinity, exhibits a unique function as an ammonium sensor in regulating pseudohyphal growth and in activating a protein kinase A-(PKA)-mediated signaling pathway (Lorenz and Heitman, 1998; Van Nuland et al., 2006; Boeckstaens et al., 2008; Fig. 2) . Ammonium transport through Mep2 is coupled with the formation of pseudohyphae, which enable yeast colonies to forage ammonium from greater distance when this N source is scarce (Lorenz and Heitman, 1998) . Amino acid substitutions in Mep2 allow the uncoupling of ammonium transport from the activation of the signaling pathway required for pseudohyphal growth (Marini et al., 2006; Rutherford et al., 2008) . Such identification of transport-proficient but signaling-defective transporter variants is regarded as the Fig. 2 . Mep2-mediated ammonium sensing events in yeast. The ammonium transporter Mep2 exhibits a unique function as an ammonium sensor in regulating pseudohyphal growth under low ammonium supply and in activating a protein kinase A-(PKA)-mediated signaling pathway under high ammonium supply. Ammonium transport activity of Mep2 is tightly controlled by the TORC1-Npr1 signaling pathway to adapt to fluctuating external ammonium availabilities. Specifically, Npr1 activates Mep2 by triggering phosphorylation of the autoinhibitory C-terminus of Mep2 under low ammonium, whereas TORC1 signaling is activated under high ammonium and inhibits Npr1 activity, thus suppressing phosphorylation of Mep2 and blocking ammonium transport. References are given in the text.
ultimate proof for their function as transceptors, irrespective of whether substrate transport is directly coupled to morphological or physiological responses (Ho et al., 2009; Chantranupong et al., 2015) .
PKA activation by Mep2 is associated with rapid phosphorylation and activation of trehalase, which converts trehalose to glucose and accelerates degradation of glycogen (Schepers et al., 2012) . Furthermore, by employing a Δgdh1 mutant defective in ammonium assimilation or adding the glutamine synthetase inhibitor methionine sulfoximine, it has been shown that changes in cytosolic ammonium levels are apparently not activating the PKA signaling pathway. Thus, Mep2 fulfils here a physiological sensing function by linking extracellular ammonium availability with the mobilization of internal carbon storage compounds to accelerate yeast growth under favorable nutritional conditions. Mep2-dependent ammonium uptake is also controlled by the signaling pathway of Target Of Rapamycin Complex 1 (TORC1) and nitrogen permease reactivator 1 (Npr1) (Boeckstaens et al., 2007) . When yeast cells grow under low ammonium or under nitrogen deficiency, TORC1 is down-regulated and Npr1 kinase is activated, allowing phosphorylation of the autoinhibitory C-terminus of Mep2 and subsequent activation of Mep2 transport activity (Boeckstaens et al., 2014) . By contrast, under high ammonium or glutamine supply, TORC1 signaling is activated, which causes phosphorylation of Npr1 and inhibition of its activity, thus releasing Mep2 from autoinhibition and blocking ammonium transport (Boeckstaens et al., 2014; Fig. 2) . It is important to note that TORC1 localizes to tonoplast or lysosomal membranes (Efeyan et al., 2012) , implying that TORC1-Npr1-mediated fine-tuning of Mep2 activity responds directly to intracellular nitrogen pools or requires at least an intracellular component to transmit information on external nitrogen availability via TORC1 to Mep2 (Boeckstaens et al., 2014) . Thus, regulation of Mep2-mediated ammonium sensing and transport by TORC1 enables yeast to integrate information on intracellular nitrogen and extracellular ammonium availability before Mep2-dependent morphological and physiological adaptations are initiated (Fig. 2) .
AMT-and CAP1-dependent ammonium sensing in plants
Evidence for extracellular ammonium sensing has also been provided for AMT1;1 in Arabidopsis. Transport activity of AMT1;1 is allosterically regulated via phosphorylation of its C-terminal domain . AMT1 proteins form a trimeric complex, in which the cytosolic C-terminus of each monomer attaches to the pore region of the neighboring subunit to trans-activate ammonium transport. Phosphorylation of a highly conserved threonine residue in the C-terminus of any individual monomer relieves the interaction between the C-terminus and the conducting pore, mediating transinactivation not only of the individual monomer but also of the complete trimeric complex . Under low ammonium supply, the critical threonine residue T460 in the C-terminal domain of AMT1;1 is dephosphorylated, whereas elevated ammonium supply confers phosphorylation and inactivation of the AMT1;1 trimer (Lanquar et al., 2009) . Neither ammonium assimilation products, such as glutamine, nor an MSX-induced increase of intracellular ammonium can induce T460 phosphorylation, implying that the phosphor-dependent inactivation of AMT1;1 is specifically trigged by extracellular ammonium. Hence, it has been proposed that AMT1;1 itself acts as a transceptor and recruits a kinase from the cytosol upon extracellular ammonium binding, or that an unknown membrane-bound receptor senses extracellular ammonium levels and confers directly or indirectly phosphorylation of AMT1;1 to avoid excess ammonium uptake (Lanquar et al., 2009 ). Rapid C-terminal phosphorylation of AMT1;1, but not of AMT1;3, upon ammonium resupply has also been found using a phosphoproteomics approach (Engelsberger and Schulze, 2012) . Interestingly, trans-inactivation by C-terminal phosphorylation functions not only within homotrimeric complexes as shown for AMT1;1 , AMT1;2 (Neuhäuser et al., 2007) , and AMT1;3 , but also extends to heterotrimeric AMT1 complexes, which greatly expands the possibilities for regulatory signal exchange through protein-protein interactions among AMT isoforms . Considering the prominent role of AMT1;3 in ammonium-dependent higher-order lateral root branching (Lima et al., 2010) , AMT1;1 and AMT1;3 apparently serve as core components in different signaling pathways, while their colocalization and physical interaction allow the co-ordination of both ammonium acquisition and ammonium foraging in response to the systemic nitrogen status and to the external ammonium availability in the rhizosphere.
Recent improvements in total internal reflection fluorescence microscopy, which allows single-molecule imaging of labeled proteins at the plasma membrane surface, has revealed further mechanisms involved in ammonium sensing. While AMT1;3 appears to escape from ammonium-induced C-terminal phosphorylation and inactivation, an alternative shut-off mechanism is effected in response to elevated ammonium supplies (Wang et al., 2013) . This mechanism determines the residence time of AMT1;3 on the plasma membrane surface of root cells. Under nitrogen-deprived or low-ammonium conditions, AMT1;3 oligomers show a relatively long-lived residence on the plasma membrane. However, immediately after ammonium addition, AMT1;3 proteins cluster, disappear from the plasma membrane, and become internalized by the endocytic pathway (Wang et al., 2013; Fig. 3) . Consistent with an accelerated clustering of AMT1;3 in the glutamine synthetase mutant gln1;2, intracellular ammonium triggers the removal of AMT1;3 from the plasma membrane. This might act as a feedback mechanism to prevent ammonium toxicity in root cells (Wang et al., 2013) alongside other mechanisms such as ammonium assimilation or ammonium compartmentation into the vacuole (Loqué et al., 2005) .
Vacuolar ammonium compartmentation has recently been described as a target of cytosolic ammonium sensing by the receptor-like kinase CAP1 (Bai et al., 2014a) . In the Arabidopsis mutant cap1-1, root hair elongation is highly sensitive to external ammonium, which is related to a disturbed cytosolic Ca 2+ gradient in root hairs. As a consequence, ammonium fluxes across the tonoplast of isolated cap1-1 vacuoles are lower, leading to higher ammonium concentrations in the cytosol. Autophosphorylation of the Ca 2+ -associated protein kinase CAP1 has been shown in vitro (Bai et al., 2014a) and confirmed using an independent phosphoproteomics approach, which detected phosphorylated CAP1 in Arabidopsis seedlings after exposure to ammonium (Engelsberger and Schulze, 2012) . Interestingly, ectopic expression of CAP1 in the yeast mutant npr1 complements the lacking function of NPR1, a key component in the ammonium-sensing pathway, and restores phosphorylation as well as ammonium transport activity of Mep2, suggesting that CAP1 may also function in planta as a regulatory component in intracellular ammonium-sensing events (Bai et al., 2014a) . Although downstream targets of CAP1 still need to be identified, the tonoplast localization of CAP1 suggests that vacuolar ammonium or ammonia transporters might act as phosphorylation targets of CAP1. Putative CAP1 targets could be TIP2;1 and TIP2;3, which are tonoplast-localized and ammonia-conducting aquaporins involved in ammonium compartmentation (Loqué et al., 2005) . However, so far only transcriptional up-regulation of the ammonia-conducting aquaporin TIP2;3 has been observed in ammoniumtreated cap1-1 mutants (Bai et al., 2014b) . Considering that CAP1 is expressed in almost all cell types of roots, leaves, and flowers (Bai et al., 2014a) , its function in intracellular ammonium sensing and ammonium compartmentation is not only restricted to root hair cells but probably extends to most other vegetative tissues in plants.
The comparison of ammonium-sensing mechanisms between yeast and plants highlights important missing components that are required to increase our understanding of ammonium sensing and signaling events in plants. First, the kinase that catalyses the C-terminal phosphorylation of AMT1;1 needs to be identified. Its molecular characterization may offer clues regarding ammonium-dependent upstream signals, such as ROS or cytosolic Ca 2+ . Second, the transcriptional regulators involved in the amplification of the ammonium-sensing event and in co-ordinating downstream ammonium responses are still unknown. And third, it is still unknown how external and internal ammonium-dependent signals are locally integrated to regulate AMT-dependent ammonium transport.
Conclusions
Several growth-promoting and growth-inhibiting effects of ammonium have recently been delineated to defined physiological and morphological processes governed by specific molecular determinants, including ROS, hormones, AMTs, Fig. 3 . AMT-and CAP1-dependent ammonium sensing in plants. AMT-mediated ammonium sensing events enable plants to integrate extracellular ammonium availability and intracellular nitrogen status into the regulation of ammonium acquisition and ammonium foraging. Under low ammonium, the critical threonine residue T460 in the C-terminal domain of AMT1;1 is dephosphorylated, thus opening the ammonium transport pore to conduct ammonium uptake. When roots are exposed to localized ammonium, AMT1;3 initiates a signal to stimulate lateral root branching, which further contributes to ammonium foraging. Upon elevated ammonium supply, AMT1;1 is inactivated by phosphorylation of its C-terminal domain. Transinactivation by C-terminal phosphorylation functions not only within AMT1;1 homotrimers but also extends to heterotrimeric complexes of AMT1;1 and AMT1;3, which expands the potential for regulatory signal exchange among AMT isoforms. In addition, increased cytosolic ammonium levels trigger the removal of AMT1;3 from the plasma membrane via protein clustering and endocytosis, therefore shutting off ammonium acquisition. Aquaporin-facilitated ammonium compartmentation into the vacuole also protects cells from ammonium toxicity and is a downstream target of intracellular ammonium sensing by the tonoplast-localized receptor-like kinase CAP1. References are given in the text.
pH shifts, or post-translational protein modifications. Several of these determinants show an ammonium-specific regulation and mode of action that cannot be linked to a nitrogen nutritional growth response. Although an ammonium-sensing protein similar to Mep2 in yeast has not yet been identified in plants, experimental evidence is overwhelming that ammonium is perceived and recognized by plant cells as a signal. Given the multitude of cellular events interfering with the presence of ammonium, it appears unlikely that ammonium is sensed by a unique sensor protein. Instead, the sensing of ammonium appears to take place at multiple steps along its transport, storage, and assimilation pathways. Research efforts are now required to describe the chronological sequence of membrane and intracellular processes that perceive and transmit the ammonium signal, and to identify the protein variants that allow the uncoupling of ammonium sensing from ammonium assimilation and transport functions.
